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Based on a rigorous canopy radiative transfer qariom the
multiple scattering radian= is approximated by h asymptotic
theoty, and the single scattering radiance calculatiq which
rcquhs an numerical integration due to conaidcring the hotspot
effect, is dso simpltied. A ncw formulation is prcacnted to
obtain mom exact rm@ar dcpcndcna of the sky radian= distri-
bution. The unscattered solar radiance md single ~g radi-
ance arc ca3culared exactly, and the mdtiple scattering is approxi-
mated by the dclla Two-StrcaM atmospheric radiadve transfer
model. The numerical algorithms prove that the parametric
canopy model is very accurate, especially when the viewrng angl=
are smaller than 55°. Powell algorithm is then used to retrieve
biospheric parameters from the ground measured mdtian~e
obsemations.

Some canopy parametric directional tcflectanm models have
&n published based on the radiative transfer theory (Suits, 1972;
Vcrhocf, 1984; Camille, 1987; NilSon and Kuus~ 198% Pinty and
Vcrstracte, 1991). However, most of them arc based on the Two-
Strcam approximation or its variants. Our numerical dcdation
(Llang and Strahler, 199h) using Gauss-Scidel algorithm has
shown that the mdt iple scattering component is over 50% of the
total upwelling radianw in the near-IR region. Therefore further
developments of accurate approximation approaches arc vcw
necessary. In this study, we derive an approximate solution of the
multiple scatlerirtg component to a canopy radiative transfer equa-
tion based on the asymptotic theory M which the canopy is treated

.ss a dense and vertically WC medium, and the soil mflectanm iS
also incorporated into this formulation.

Most of existirlg parametric canopy models have not incor-
porated sky radiance component in a good manner (Ahmad and

Dcering, 1991, Suits, 1972; Nilson and Kuusk, 1989). Either the
canopy is completely dccouplcd from the -ospherc or down-
ward radiances w treated as isotropic. Most of the existing
parametric models of atmospheric radiative transfer - mairdy
used for flux caldatiorrs. A ncw fomtiation is pmentcd to
improve the accuracy of the angtiar distribution of the sky radi-
arlw.

MODELING CANOPY RADIA~ TRANS=

In this study, a more rigorous canopy radiative transfer model
has &n used as the basis on which the explicit formulae m
derived. The details of this model cart be found elscwhcrc
(Marshak, 1989; Shultis and Myneni, 1988; Liang and Strahlcr,
1992a).

The radiation field is d~omposed into three parts: tmcollidcd
radian= f“(t, Q), single scattering radian= 11(1,Q) and mdtiplc
scattering radiance IM (7, n):
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I(T,n) = fqT, r2)+1 l(T,Q)+f~(~,n) . (1)

For the uncollided solar radian~, the formtiae m

ior, ~
f qo, n) = ~ exp[ - ;(0,n)] , (2)

where i. (tie) is the incident net flux above canopy , and

{(0,f2) = G(n); _[J=&]to. (3)

where to is a transit variable.
For the upwelling single scattering radian=, the approximate

forrmda is:

MC multiple scattering component is calculated by the
asymptotic theory for a tite canopy:

[

‘FO R.(P, W) - CXp(u~c)-f’(o, p)=— lG(AJmG (A )E (p)E (~) , (6)
rl

where R .(% ~) is the rcflectanm function of a scrni-infinite
canopy, E(v) is the escape function, G(A) is a transitfunction,
and A ● is the spherical albedo of a serni-~ite medium. All
these functions and parameters can bc found in the manuscript
(Liang and Strahler, 1992b).

The above formula determines the radiance of all levels of
scattering. In order to accomt for the hotspot effect and the dcpen-
denm of the azimuth angle, the exact single scattering component
shodd bc used. Thus the mtitiple scattering radian= must bc sub-
tracted by the approximate single scattering component:

where pc (p, M) is the aximuth-independent pm of * Henyey-
G~nstcin function.

To dcscrik the dircctiona3 mflectan~ properties of ~ “al
objects, the BRDF is prcfcrrcd. The total canopy BRDF bccomcs
the sum of the exact single scattering tcm plus the uncollidcd
sunlight rcflcctancc tcrrn and the approtiatc mdtiple scattering
Iem.
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MODELfNCl DOWNWARD SKY RADIANCE

Sin@ the classic Two-Stream approximation of the atmos-
pheric radiative transfer is rnairdy used for flux caldadons, this
method is reliable ordy for integrated quantities as opposed to
angdar-dependent radiances. To improve the accuracy of the
angufar distribution -~ sky radiance, the radiation field is
divided into thtcc parts, as’we did for the canopy: unscattered solar
radianm, singfe scattering radiance, and muMple scattc~g radi-
mcc. We here do not give the corrc.spending equations and @un-
dary conditions, the intemstcd readers u referred to our pmious
paper (Liang and Strahfcr, 1992a). For the first two components,
their downward radiances arc:

I:(n) = IWIF.OCXP(- *)

where t 1 is a’transit variable. For multiple scattering calculation,
the Two-stream approximation is applied. Here we usc rhs hybrid
modified Eddingtondelta appro~tion (Mcador md Weaver,
1980), In their paper, they gave us the fomda ordy for the black
backgroun& Here h forrmda considering the canopy spherical
dbcdo p caltiatcd from the cmopy BRDF dcveIo@ above is:

( 1

It is possible to incorporate a &-function adjustment to accountfor
the forward scatterhg peak in the context of Two-St.ream approxi-
mation. More details arc omitted here.

MODEL V~ATION

To evaluate the accuracy and analyze the behavior of ths
. parametric BRDF model of the 1* canopy, Monte-Carlo mcthoda

(Antyufccv and Marsh& 1~, and Ross and Mah~ 1988) are
used to test the amacy of the present model. Fig. 1 prcscnta dre
comparison of the bidircctiottal rcflectmcc of duu approaches for
the ercctophile cmopy (mtiy verticrd leaves). Two acts of curvti
correspond to two solar zcrdth angle.s ~ = 60° and ~= 30°. The
solid lines stand for our present model, dotted b for ti
Antyufccv-Marshak model, and dashed lina for the Ross-Marshak
model. Them is a good agrurncnt among these three rnodefa.
However, the directional rcflcctancc in our model is greater than
others when the solar zenith angle is 30°.

Fig. 2 illustrate another comparison of the present model
with the Antyufeev-Marsh& model for the pianophife canopy
(mtiy horizontal leaves). SoIid h for our model have larger
valum w~n the viewing arrgIca arc greater than 55°, -y
when the soIar zenith angfc is 60°. A series of other experiments
using 0auss4cidel afgorithnr also verifies that the present
parametric model cannot welf predict the rcflcctan~ vvhcn the
viewing mglcs arc greater than 55° - do”. ‘fhe coqntig
parameters can bc found in the fitera~ mentioned previously.
The numericaf afgorithrns usualfy require scveraf hours to get good
results, but our parametric model ordy need decades of second in

{ t
~.w)=+(1-g2)f3+g2w -kY-(~d) ? (lo) the SPARC-2 workstation.

The crarametric akv radiance distribution model is validatedL J .

using the DISORT numerical code bwd on the discrete-ordinate
where r2 and r3 arc transit variablm, dciined as afgorithm (Stamncs et al., 1988). Fig. 3 illustrated the comparion

rz=l-g~(l-1~[)
of the praent parametric model with the numerical model for b
aerosol scattering above a Larnbcrtian surface. It can be found that

r3=(l + 1.5py+(Ta)+(l - l?5flyqTa) . if tl~ aerosol opticaf deph is smrdler than 2.0, our puarnctric

The “ te@ variables 1+ and J- arc:

T

model is quite accurate, e~ially when the the zenith angle iS
smaller thm 75°. U the sky is clear, the acrosot optical depth is
usually smaller than 0.2 in the near-IR bands. A.Ithough one set of

~)
rcstdts is presented, other companions can draw & sarncf+(7)=x, +x*+ccxp(- ,.

r , (11)
conclusion.

1
andXl and X2 are deticd as

xl= towz-w 0(71+ n)
(Tl+ y,)w~ + (q - y,,k~

Cxp(T’lT)

(12)

x2=- towl - WO(7J- q)
(q+ 71)w1 + (?l -,71~2

Cxp(-q%) ,

Other paramctem arc given in the marmscript (Llang and Strahler,
1992b). The multiple scauering downward radiance is the totaf
approximate radiance abstracted by approximate sin~e scattering
radiance

where ths ckdtiation of Jdl@) fof.lowsthe same formrdac as those
of 14(p) except that gd and p u set to zcrm when caltiadng 1+
md f-. Thus the totaf sky downward radian~ is h sum of three
components:

INVERSION ALGORITHM AND DATA ANALYSIS

Having created the canopy BRDF model and the sky m-
distribution model, the remaining issue is how to cstimtie p~-
ters in these models from measured directional data. Like ordiII~
invemion studies (Gocl, 1988), The optimum technique is used to
invert thcm through ~g the merit function conskting of
the sum of squares of miduaf and the penalty function

F=~wi[I&-fi&A,yB)]2+f(yA.yB) (15)
k =1

where WI is the weight factor, Ik is the measured radiance,
~ W,4, ‘f’B) k the pI’CCfiCtCdfimce by m~eb * ‘~
BRDF parameters Y~ and atmosphere pmamcters YE, and
J’ (TA, Y8 ) is thC pcndty function which keeps -timatti parame-
ters or their functions in reasonable regions.

The constmction of the penalty function foIlows the SiddaU
algorithm (Siddslf, 1972) and Powell algorithm (PowcJ.1. 1%) ~

trscd to retrieve interested p~tcrs from Soybean data (band
four) measured by Ranson et af (1984) on 17 August 1980. MY
four variables are retrieved, md other parameters are set to meas-
ured VdUm or estimated vafuti. ~e invcmion rcsdrs we rcponed
in Table 1. It seems that LAI is very accurately inverted, but M
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K not so accurate.
m~u3c7ipt( 1992b).

Mom discussions are presented itI our
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